As the atmospheric carbon dioxide (CO 2 ) increases substantially, the spatial distribution of atmospheric CO 2 should be considered when estimating the effects of CO 2 on the carbon and water cycle coupling of terrestrial ecosystems. To evaluate this effect on future ecohydrological processes, the spatial-temporal patterns of CO 2 were established over 1951 -2099 according to the IPCC emission scenarios SRES A2 and SRES B1. Thereafter, water use efficiency (WUE) was used (i.e., Net Primary Production/Evaportranspiration) as an indicator to quantify the effects of climate change and uneven CO 2 fertilization in China. We carried out several simulated experiments to estimate WUE under different future scenarios using a land process model (Integrated Biosphere Simulator, IBIS). Results indicated that the geographical distributions of averaged WUE have considerable differences under a heterogeneous atmospheric CO 2 condition. Under the SRES A2 scenario, WUE decreased slightly with a 5% value in most areas of the southeastern and northwestern China during the 2050s, while decreasing by approximately 15% in southeastern China during the 2090s. During the period of the 2050s under SRES B1 scenario, the change rate of WUE was similar with that under SRES A2 scenario, but the WUE has a more moderate decreasing trend than that under the SRES A2 scenario. In all, the ecosystems in median and low latitude areas had a weakened effect on resisting extreme climate event such as drought. Conversely, the vegetation in a boreal forest had an enhanced buffering capability to tolerate drought events.
INtRODUCtION
Terrestrial ecosystems are of particular importance within the global carbon and water cycles because of the large carbon sequestrated in plants and the large hydrological effects by evaportranspiration (Alo et al. 2008a; Bell et al. 2010) . Changes in the carbon and water cycle couplings of terrestrial ecosystems could have significant responses to environmental factors such as temperature, precipitation, and atmospheric CO 2 (Arneth et al. 2010) . Atmospheric CO 2 concentrations have increased from preindustrial levels of 280 ppm to the present level of around 390 ppm in 2009 (Friedlingstein et al. 2010) . It is likely that global climate changes will continue to influence the Northern Hemisphere's precipitation distributions with an increase in frequency and intensity of extreme climate events (IPCC 2001 (IPCC , 2007 . Impacts of future climate change on the ecohydrological processes are topics of serious concern in global change research.
Water Use Efficiency (WUE), as a key indicator for the carbon and water cycle coupling of terrestrial ecosystems, is used to describe the trade-off between water loss and carbon gain in the process of plant photosynthesis (LeHouerou 1984; Baldocchi 1994 ) and perhaps reflect responses of plants to environmental stress on ecosystem processes (Huxman et al. 2004 ). Based on different scales and approaches, WUE has different meanings due to the different complexity of physical and physiological processes involved (Law et al. 2002) . It has been widely observed that WUE is expected to increase with rising CO 2 concentrations, albeit of uncertain scale (Deng et al. 2006; Kuglitsch et al. 2008; Yu et al. 2008; Erbs et al. 2009; Peñuelas et al. 2010; Zheng et al. 2010 ). The increased CO 2 concentration is important for future adaptation of WUE because it may directly stimulate plant photosynthesis and indirectly reduce plant water consumption through regulating stomatal conductance (Baldocchi 1997) .
Since the 1990s, the spatial-temporal heterogeneity of atmospheric CO 2 concentration has been detected from ground-based CO 2 measurement networks such as Global Atmospheric Watch (GAW) (Ciais et al. 2000; Peters et al. 2007 ). However, due to the sparseness of observation stations, the spatial variations of CO 2 is used to be considered small and not lead to significant effect on global ecosystems (Chapin et al. 2002) . Beginning in the early 2000s, CO 2 monitoring with remote sensing technology was developed at large scale. The Scanning Imaging Absorption Spectrometer for Atmospheric Cartography (SCIAMACHY) of EN-VISAT (Buchwitz et al. 2007 ) and the Greenhouse Gases Observing Satellite (GOSAT) of IBUKI (Buchwitz et al. 2007; Yokota et al. 2009) , observed approximately ±20 ppm variations in different regions (Zhang et al. 2013a ). This requires carbon scientists to reconsider WUE responses to the effect of heterogeneous atmospheric CO 2 concentration at a regional and global scale.
The effect of future climate change and rising atmospheric CO 2 on ecohydrological processes has been studied based on general circulation models for a given future greenhouse gas emission scenarios (Cramer et al. 2001) . Recent studies showed that modeled runoff decreased globally with an increase in temperature due to increased evaportranspiration. However, an increase in precipitation in future scenarios in mid-latitude regions results in increased runoff due to oversaturation of soil moisture. As the atmospheric CO 2 reaches to 550 ppm in the 2050s, a decrease of transpiration from plants due to a more efficient stomatal opening might occur (Farquhar et al. 1982) . It is essential to predict how WUE acting within terrestrial ecosystems would respond to changes in environmental and increasing atmospheric CO 2 in the future (Xu et al. 2004 ).
The process-based terrestrial ecosystem models are important tools to study WUE under atmospheric CO 2 concentration dynamics and predict future responses of WUE with regard to climate change. Studies with a large-scale ecosystem model which simulate rising CO 2 levels and future climate change effects on ecohydrological processes have not yet considered the spatial heterogeneity of the CO 2 effect in simulated experiments (Yu et al. 2004; Bell et al. 2010; Tian et al. 2010; Zhu et al. 2011) . This study aims to use the Integrated Biosphere Simulator (IBIS) to generate WUE under different scenarios made up of different climate change and CO 2 concentration conditions. The major objectives are to (1) demonstrate the sensitivity of WUE in China under heterogeneous CO 2 concentrations; (2) evaluate the responses of WUE on terrestrial ecosystems in China to future climate change (e.g., warming and changing precipitation pattern) and heterogeneous CO 2 concentrations; (3) explore the potential relationship between spatial patterns of WUE in future scenarios and environmental change factors especially the spatial-temporal pattern of CO 2 concentrations.
MAtERIALS AND MEtHODS

Study Area and Water Use Efficiency Calculation
In this study, climate zones, categorized into 11 major regions by using basic meteorological principles (temperature and moisture) were used to analyze the different responses of WUE under different climates and geographical conditions in China (Fig. 1) .
WUE had different definitions depending on the spatial-temporal scales and research communities (Richards et al. 2002; Steduto et al. 2005) . At leaf level the water consumption was considered to be transpiration (T), while the water consumption was using evaportranspiration (ET) at the ecosystem level. Net primary production (NPP) could reflect annual net carbon fixation in ecosystems and represent as the difference between carbon assimilation and plant respiration. NPP is primarily determined by the photosynthesis rate, plant maintenance respiration, and growth respiration. In this study, WUE at ecosystem level was calculated as the ratio of NPP to ET expressed as WUE = NPP/ET (Law et al. 2002; Hu et al. 2008 ).
IbIS Model Description
The IBIS model is designed to be an integrated, physically consistent modeling framework which includes land surface processes, canopy physiology, vegetation phenology long-term vegetation dynamics, and carbon cycling. Detailed IBIS model descriptions are available elsewhere (Foley et al. 1996 and Kucharik et al. 2000) . However, this original model does not contain a complete nitrogen (N) cycle. A modified version of IBIS which is applied in this study was developed to overcome this limitation (Liu et al. 2005) .
The hydrological module is constructed based upon a land-surface-transfer scheme (LSX) (Thompson et al. 1995a, b) . This module applied two canopy layers, three snow layers, and six soil layers to construct a pseudo-physical land surface. The total amount of evaportranspiration from the land surface is calculated as the sum of three water vapor fluxes: canopy transpiration (E u , E l ), evaporation of water intercepted by vegetation canopies (E s ), and evaporation from the soil surface (E g ). Evaporation rates are calculated using standard mass transfer equations relating the temperature of the surface, vapor pressure deficit, and conductance (Campbell and Norman 1998) . The calculation equations were described as follows: 
where the subscripts 'u', 's', and 'l' denote upper-story leaves, upper-story stems, lower-story vegetation, E u , E s , and E l were fluxes of water vapor from a unit leaf/stem surface area including evaporation of intercepted water, dew formation and transpiration, LAI l and LAI u represented the upper and lower canopy index respectively. f u wet , f s wet , f l wet and are the fractions of leaf and stem areas wetted by intercepted liquid or snow. r u and r l are the stomatal resistance per unit leaf area for upper and lower stories (s m -1 ) respectively. f u sto and f l sto are 0.5 or 1 for leaves with stomata on one or both sides respectively, t is the density of near-surface air (kg m -3 ); S u , S s , and S l are heat/vapor transfer coefficients between vegetation and canopy air (m s -1 ). q sat (T) is the saturation specific humidity versus temperature at ambient pressure (kg kg -1 ); q 12 and q 34 are canopy air specific humidity for upper and lower stories, respectively (kg kg -1 ). To account for evaporation from intercepted rain, the model describes the interception and cascade of precipitation (including rain and snow) through the canopies (Foley et al. 1996; Kucharik et al. 2000) . To generate daily weather rainfall, the IBIS model uses a series of weather generator approaches which generate random combinations of weather conditions based upon monthly climatological conditions (Richardson 1981; Richardson et al. 1984; Geng et al. 1986 ). The wet day calculation in this approach is from the averaged climatical data as a constant value. Therefore, the intensity and frequency of daily and hourly precipitation will increase when monthly precipitation increases.
The soil evaporation algorithm uses the beta method:
where E g was the evaporation from bare soil, t was the air density, C E was the drag coefficient for evaporation, U a was the wind speed at Z a (the atmospheric reference level), β was the moisture availability parameter, q a was the specific humidity at Z a , q s was the saturated specific humidity which is given by the surface temperature. The canopy physiology module included photosynthesis and stomatal conductance which were based on a canopy photosynthesis mechanism model and a semi-mechanistic model of stomatal conductance (Farquhar et al. 1980 (Farquhar et al. , 1982 . The NPP calculation was different from each of the plant functional types. The model version we used does not include agriculture or the effects of human activities on land use change. IBIS has been extensively validated in comparison to observations of terrestrial biogeochemistry and biogeography (Cramer et al. 2001; Vano et al. 2006; Twine et al. 2008; Zhu et al. 2010 Zhu et al. , 2011 .
Driving Climate Projections, Spatial Heterogeneity of Atmospheric CO 2 Concentration
IBIS requires monthly climate data (temperature, precipitation, relative humidity, cloud cover, wind speed, and wet days), atmospheric CO 2 concentration, N deposition and soil texture as input data. Fundamental data for simulation were collected from Zhu et al. 2010 . In addition, vegetation cover fractions, initial biomass carbon, initial soil carbon, soil texture, topography, and monthly climate data were interpolated to ensure consistency. Vegetation cover fractions were calculated from the 300-m resolution GLC map. Initial biomass was derived from Olson's World Ecosystem database (Gibbs et al. 2006) . Initial soil information was obtained from the IGBP global database (Task 2000) . Atmospheric nitrogen deposition data were acquired from the Earth Science Information Partner (ESIP) database of the EOS-WEBSTER, which covers the early 1990s.
In order to quantify the climate projection for the period 1951 -2100, we use two time periods climate data which are from 1951 -2006 and 2007 -2100 . The earlier climate data originated from a ground station observation covering the period 1950 -2006. The future climate projection for the 21 st century was obtained from GCM simulations performed for IPCC-AR4, using CGCM3 dataset which was from the Canadian Centre for Climate Modeling and Analysis (CCCma) (http://www.ec.gc.ca/ccmac-cccma). To match the simulation resolution in China, the ANUSPLIN software was applied to make the interpolation (Hutchinson 1984) . As a downscaling technology, the ANUSPLIN software is based upon the thin plate spline function theory, highlighting with its interpolation accuracy for meteorological dataset (Hutchinson et al. 1994) . Two future scenarios were applied as the assumptions of different situations: in 'SRES A2' scenario, atmospheric CO 2 concentrations reach 850 ppm, while CO 2 concentrations reach 560 ppm in SRES B1 scenario (Fig. 2) . Hence, the IBIS simulations driven by the two climate projections should have distinct atmospheric CO 2 increase and ecosystem response.
The spatial-temporal heterogeneity of atmospheric CO 2 concentration has been detected from a ground-based CO 2 measurement network named the Global Atmosphere Watch (GAW) ). Satellite observations also became a reliable technology for representing the spatial variation of atmospheric CO 2 (Buchwitz et al. 2007 ). We used a linear regression model and a sine wave model based on GAW and SCIAMACHY data to establish the spatial-temporal pattern of atmospheric CO 2 concentration over 1951 -2099 (Zhang et al. 2013b) . Figure 3 shows the spatial heterogeneity and seasonal amplitude of atmospheric CO 2 concentrations among climate zones in China. The seasonal amplitude in CT zone was the highest with about 14 ppm (Fig. 3a) . The high CO 2 concentration regions were primarily located in southeast and central China (Fig. 3b) . This indicated that the spatial and temporal variations of CO 2 were more complicated in China.
Experiment Setup and Validation
IBIS simulations were performed using six experiments: (1) A2 with heterogeneous CO 2 increases, (2) A2 with uniform CO 2 increases, (3) B1 with heterogeneous CO 2 increases, (4) B1 with uniform CO 2 increases, (5) A2 with no CO 2 increases, and (6) Simulations (1) and (3), with CO 2 enrichment and spatial variability, denoted as CO 2 -E, will be compared with the simulations of CO 2 enrichment but with no spatial variability (2) and (4), denoted as CO 2 -B in order to quantify the potential impacts of spatially heterogenic distribution of CO 2 on C sequestration. Simulations (5) and (6), denoted as CO 2 -N, are used primarily to quantify the effects of CO 2 increase on C sequestration with simulations (2) and (4). By comparing the six model simulations, the effects of CO 2 fertilization and heterogeneous CO 2 enrichment can be quantified (Table 1) .
The IBIS simulation in China was performed at 0.085-degrees (~10-km) resolution. The spin-up period was from simulated 1901 to 1950 (using 1951 -2000 average climate condition) to obtain vegetation and soil carbon pools in an approximate steady-state at the beginning of the subsequent climate change experiment. Only the transient period from 1951 -2099 was analyzed.
The IBIS model has been evaluated over a large number of studies and validated with independent field observations, inventory, and remote sensing data (Zhu et al. 2010 ). The Net Primary Production (NPP) and biomass data were previously validated against forestry inventory data; Gross Primary Production (GPP) was validated with carbon flux site data. The validation and comparison showed reasonable agreement (Zhu et al. 2010) . The hydrological processes of IBIS were validated with observed runoff (up to 39 years observed data for 85 hydrological gauges) and soil moisture data (up to 40 soil moisture stations' monthly observed data from 1981 to 1999) (Zhu et al. 2010 ). Table 2 ). This implied that about 0.49 g C had been fixed in the plants as the net primary productivity using 1 kg water. The mean annual modeled WUE in the present-day were within a reasonable range of different studies for China. Hu et al. (2008) reported that the WUE values of grassland ranged from 0.41 to 1.26 g C kg -1 H 2 O based on flux data. Law et al. (2002) applied eddy covariance technology to calculate WUE in tundra with an average of 0.41 g C kg -1 H 2 O which was similar to our estimated result. The modeled WUE for different forest types in this study was slightly lower than that estimated by Kuglitsch et al. (2008) and Yu et al. (2008) and roughly equals to the estimation by Tian et al. (2010) in the ) results with highly plant coverage. Compared to the summarized results from different studies, the mean value in China should be considered to be a good representative of WUE at the ecosystem level. The averaged WUE of the terrestrial ecosystems followed an order: Tropical Evergreen Forest > Tropical Deciduous Forest > Warm Temperate Forest > Temperate Forest > Grassland > Shrubland > Tundra (Table 2) . These differences between different ecosystems suggested diverse water use abilities and ecohydrological processes involved across terrestrial ecosystems. Even though the processes of water loss and carbon gain are very complicated at the ecosystem level . Meanwhile, the overestimated ET should be considered in a semi-arid ecosystem such as open shrubland, tundra and desert which was covered by a larger bare area than the other ecosystems. It might thus cause an underestimated WUE in these regions.
RESULtS
Present-Day Water Use Efficiency
temporal and Spatial Variability of Water Use Efficiency
The temporal averaged annual WUE at the continental scale did vary quite a bit over the entire future period (Fig.  4) . WUE was relatively stable before the 2020s and then increased after that with substantial inter-annual fluctuation, but a decreasing trend thereafter. The decreasing trend before the 2020s in both scenarios was perhaps attributed to declining precipitation which leads to a decline in ecosystem productivity. The increases in the A2 and B1 scenarios between the 2020s and 2060s depend in part on the rising atmospheric CO 2 which would enhance photosynthesis and decrease stomatal conductance in plants. The variations of WUE between A2 and B1 scenarios corresponded with plant responses to elevated CO 2 wherein the sensitivity of enhanced production would be dampened since the CO 2 concentration exceeded a constant level (e.g., 550 ppm) (Farquhar et al. 1982) . Generally, the annual WUE slightly increased (overall) in 21 st century under both future projection scenarios but the value was negligible.
Although the overall values of WUE did not change much during the 21 st century, a considerable spatial variability was found in China. The anomaly was calculated as a change rate from a multiyear mean between present level and the middle and the end of the century (from 2050 to 2059 and from 2090 to 2099) to evaluate the spatial patterns of changing WUE under different future IPCC scenarios (Fig. 5) . The highest positive change rate was generally found in the Tibet Plateau which is predominately covered with grassland and tundra. The lowest change rate was found in southeastern China as well as part of the northeastern regions. This spatial pattern of WUE anomalies was similar both in SRES A2 scenario and SRES B1 scenario indicating that the predicted results showed a strong negative effect on WUE even under a moderate climate with increasing warming and precipitation. Nevertheless, under the SRES A2 scenario with warmer and wetter future trend, the climate change scenario gives a more severe positive or negative effect on WUE than that of under SRES B1 scenario. Under the SRES A2 scenario, WUE would decrease slightly with a 5% value in most areas of southeastern and northwestern China during the 2050s, and then WUE would decrease by approximately 15% in southeastern China during the 2090s. For the period of the 2050s under the SRES B1 scenario, the change rate of WUE would be similar to that of the SRES A2 scenario, but the WUE would decrease in a smaller area in southeastern China than that under the SRES A2 scenario. WUE of desert and tundra would change significantly with about a 45% increase under both climate change conditions indicating that the WUE in semi-arid and arid ecosystems would increase dramatically by plentiful rainfall than during the present day.
Different Responses of WUE Among Climate Zones
Zonal statistics were applied to calculate the mean WUE for each climate zone. The variations of WUE and its responses to heterogeneous CO 2 enrichment for each climate zone are shown in Fig. 6 . Under historical and future IPCC scenarios (A2, B1), the different time series patterns of WUE were present during the period from 1951 to 2099. WUE kept increasing in WMT, CT, PT and PF which is in contrast to the declining trends of WUE in MT, SS and MS. In addition, in WWT and DWT, WUE remained stable through the period 1951 -2099, albeit of a different mag- nitude. The increasing rate of WUE in CT was higher than the other climate zones with about a 0.2 g C kg -1 H 2 O increment. In addition, the major vegetation cover of the Cold Temperate zone was boreal evergreen forest which was distinguished from other climate zones indicating that WUE in high latitude regions will increase significantly at the end of this century because huge boreal forests cover these high latitude regions. The WUE in MT and SS decreased during 2000 -2100s, with a value of 0.6 g C kg -1 H 2 O. In WWT and DWT, the WUE remained constant due to the coupled effect both from climate change and rising CO 2 concentration which led to a negative and positive effect respectively.
During the period 1951 -2099, substantial variations existed in heterogeneous CO 2 enrichment effects on WUE across each climate zone. Among all climate zones in China, SS and MS showed the highest response of WUE to CO 2 spatial-temporal heterogeneity. For SS and MS, the WUE responses to heterogeneous CO 2 (denoted as CO 2 -H) were higher than 0.01 g C kg -1 H 2 O. Conversely, for MT zone, CO 2 -H on WUE showed negative effect with a value about 0.02 g C kg -1 H 2 O. WUE in CT was more sensitive to CO 2 heterogeneity, with a magnitude of 0.01 g C kg -1 H 2 O. For most climate zones, the CO 2 -H with the highest value occurring in recent decades decreased during 1951 -2099 which was in contrast to the increasing trends of atmospheric CO 2 supposed by future IPCC scenarios. Compared with the simulation under IPCC A2 and B1 CO 2 concentration scenarios with climate change, significant differences were shown both in WUE and CO 2 -H. The time series patterns of annual WUE under A2 and B1 scenarios in each climate zone were different. In some climate zones at lower latitudes, such as MT, SS, MS, NT, WWT, WMT, the WUE under B1 scenarios were higher than that of A2 scenarios. However, in high latitude and plateau areas such as CT, PT, PF, the variations of WUE showed converse results during 21 st century. This implied that the major controlling factor of climate change on WUE in each climate zone would be altered by geographical and terrestrial ecosystems. For aspects concerning CO 2 enrichment effects (CO 2 -H), the overall trends in most climate zones were present as our model simulation indicated that due to rising atmospheric CO 2 concentration WUE under the B1 scenario in most climate zones (except for MT, CT and PF) were substantially higher than under the A2 scenario. In Fig. 6 , the positive effect of rising CO 2 concentration would reach a maximum in the 2040s and then decrease in A2 scenario, while the positive effect would be effectively sustained until the end of 21 st century in the B1 scenario implying that the CO 2 enhancement on WUE is limited.
DISCUSSION 4.1 the Effect of Rising Atmospheric CO 2 on WUE
The IBIS simulation driven by IPCC future climate data and spatial-temporal variability of atmospheric CO 2 show that spatial patterns of WUE are in similar agreement with other study results (Zhu et al. 2011 ). For quantity comparison, the simulated mean annual WUE was calculated for the period from 1990 to 2000 for major biomes using corresponding calculation equations. As the results indicate, different water use efficiencies have been found among different plant species. Large areas of cropland were classified as Savanna because the cropland was not represented in IBIS plant function types, Therefore, the WUE of Savanna is somewhat higher than that of a boreal forest because of higher productivity in cropland (Deng et al. 2006) . The order of WUE in our study is similar to Tian's simulation results in the Southern United States (Tian et al. 2010) . WUE is affected both by NPP and ET such that the changing patterns of WUE among different vegetation types are different from those of NPP and ET. According to different ecosystem characteristics in each plant function type (e.g., photosynthesis, water uptake ability), some vegetation types are more sensitive to environmental changes. Generally, grassland is more significantly affected by multiple climate change factors. In contrast, a forest has a better tolerance to water stress (Fig. 7a) .
Increases in atmospheric CO 2 concentrations promote increases in simulated WUE through the CO 2 fertilization effect (Zhu et al. 2011 ) as well as observed results through tree-ring analysis (Andreu-Hayles et al. 2011) . From the simulation experiments it has been shown that the spatialtemporal variations of atmospheric CO 2 influence the assessment on WUE for each climate zone (Fig. 7b) . The heterogeneous CO 2 have positive effect on WUE for most climate zones, because the monthly averaged CO 2 concentration in China is higher than the global average from the ESRL. The negative response in the MT zone could be probably explained by the relatively low CO 2 concentration in growing seasons. Meanwhile, the enhancement effect was controlled by nitrogen and water availability whereby the difference between precipitation and potential evaportranspiration explaining part of variability. The underlying mechanisms of WUE response to spatial variations of atmospheric CO 2 effect need to be further studied.
Limitation and Implications for Future Ecohydrological Processes
Most of the study results on WUE, including the model estimation, eddy-covariance calculation, and field investigation, vary widely in different spatial scale and geographical conditions (Bell et al. 2010 ). This diversity in estimation of WUE leads to a difficulty in reflecting WUE accurately for each ecosystem. Only in the same scale and calculation equation, the accuracy of WUE could be evaluated. Nevertheless, the variations of WUE as an assessing indicator of the coupling of ecological and hydrological processes are useful, albeit of uncertain value. Zhu et al. (2011) pointed out that major uncertainties in WUE were caused by the spatial scale and geographical differences, while Tian et al. (2010) suggested that uncertainties might come from model parameters and structures which simplify some ecosystemprocesses. This study did not include a cropland ecosystem into the simulations(instead of the savanna ecosystem). This simplification might result in an overestimation of WUE for a savanna because of a higher vegetation cover fraction in cropland which would affect modeled NPP.
Our analysis of the mechanisms controlling WUE in China in future IPCC scenarios has a number of policy implications (Fig. 8) . Three obvious phenomenon that change the pattern of WUE in China and will have some effect on the carbon and water cycle of a terrestrial ecosystem such that (1) WUE will decrease in most areas of southern and eastern China; (2) WUE will increase in Tibet Plateau and some semi-arid areas of western China; and, (3) the decreasing rate of WUE will enhance at the end of 21 st century under uncontrolled anthropogenic emission scenarios (A2). These phenomenon were partly observed by long-term observations (Hu et al. 2010 ). This analysis indicates that our terrestrial ecosystems will lose potential carbon uptake due to ever more extreme drought or flood as recent studies report (Alo et al. 2008b ); crops will need more water to sustain a constant yield.
Rising atmospheric CO 2 concentrations, as an indicator of climate change, is one of the most pressing environmental concerns in China (Reich 2010) . Our simulations, consistent with some experiments, have shown that the spatial-temporal variation of CO 2 will affect plant photosynthesis and water cycles. Therefore, rising CO 2 concentration will partly help to mitigate effect of climate change although our analysis suggests that the benefits of these WUE increment might be limited. In fact, a partial correlation analysis between WUE and the spatial-temporal variations of atmospheric CO 2 concentrations show that the variations of WUE are associated with CO 2 concentration in 80 to 90% of the area of boreal forest ecosystems (Fig. 8c) . It can be inferred that The WUE in boreal forests where large high latitude covered areas of Fig. 7 . The averaged WUE of different simulation experiments over the period of 1951 -2099 and its standard deviation. CO 2 -E simulation represents heterogeneous CO 2 condition; CO 2 -B simulation represents the spatial-uniform CO 2 condition; CO 2 -N simulation represents no CO 2 increase condition. earth will increase due to the CO 2 emission continuously increases. As the IPCC future scenarios predict, the annual precipitation in high latitude of Northern Hemisphere will increase (Doherty et al. 2010) . In addition, the increasing trend of WUE was found in higher latitude regions, where in contrast to that in lower latitude regions. Recent studies reported that the higher WUE can increase the drought stress experienced by plants by regulating stomatal responses (Cruz et al. 2010; Pingintha et al. 2010) , even through the worsened drought and rising temperature tend to offset this positive effect (Brienen et al. 2011 ). This might imply that the ecosystems in middle and low latitude areas have a weakened effect on resisting an extreme climate event such as drought, while the boreal forest has an enhanced effect on (a) (b) tolerating drought events. As recent increases in the intensity of heavy precipitation and drought events over a large part of the Chinese mainland (Gemmer et al. 2011; Min et al. 2011) , it is important to evaluate the variations of WUE and its response to land surface ecosystems.
CONCLUSIONS
This study represents a first attempt to assess the future changes of WUE with the goal of understanding the interactions between carbon and water resources under climate change and spatial heterogeneity of atmospheric CO 2 in China. Our results show that the averaged WUE in A2 and B1 scenarios have increased over 2010 -2060 and 2010 -2080, respectively , and then decreased into 2090s with substantial inter-annual variation. This implies that the enhancement of rising CO 2 concentration on WUE was limited. The spatial heterogeneity of atmospheric CO 2 has a considerable effect on WUE climate zones compared to uniform CO 2 patterns. Various WUE climate zones were different and showed different responses to spatial-temporal patterns of atmospheric CO 2 . The contributions of atmospheric CO 2 to WUE need to be further identified in future studies. 
